The paper reported the investigation of the substrate preparation technique involving deposition of iron catalyst by electron beam evaporation and ferrocene vaporization in order to produce vertically aligned multiwalled carbon nanotubes array needed for fabrication of tailored devices. Prior to the growth at 700 ∘ C in ethylene, silicon dioxide coated silicon substrate was prepared by depositing alumina followed by iron using two different methods as described earlier. Characterization analysis revealed that aligned multiwalled carbon nanotubes array of 107.9 m thickness grown by thermal chemical vapor deposition technique can only be achieved for the sample with iron deposited using ferrocene vaporization. The thick layer of partially oxidized iron film can prevent the deactivation of catalyst and thus is able to sustain the growth. It also increases the rate of permeation of the hydrocarbon gas into the catalyst particles and prevents agglomeration at the growth temperature. Combination of alumina-iron layer provides an efficient growth of high density multiwalled carbon nanotubes array with the steady growth rate of 3.6 m per minute for the first 12 minutes and dropped by half after 40 minutes. Thicker and uniform iron catalyst film obtained from ferrocene vaporization is attributed to the multidirectional deposition of particles in the gaseous form.
Introduction
Synthesis of multiwalled carbon nanotubes (MWCNT) using various chemical vapor deposition (CVD) techniques has been employed to understand the mechanism of MWCNT growth. CVD technique offers many advantages over laser ablation and arc discharge, namely, higher yield and purity, and is the only method where MWCNT structure can be controlled [1] . CVD method can utilize any form of hydrocarbon source whether as liquid, solid, or gas using various substrates such as silicon, glass, silica, and alumina [2] [3] [4] [5] . CVD also offers better control of growth parameters. High density MWCNT have been grown by thermal CVD method using ethylene as the hydrocarbon source and transition metals such as iron, nickel, or cobalt as the catalyst [6] . Even though the growth of MWCNT has been improved significantly with the help of intensive research and material characterization, the difficulty still remains when fabricating tailored devices for particular applications as the result of the uncontrollable nature of MWCNT growth. One of the main requirements for devices is to grow a well-aligned MWCNT array with uniform length and diameter. Among the various applications are field emitter displays [7] , electronic devices [8] , shydrogen storage [9] , sensors [10] , and fuel cell electrodes [11] . MWCNT growth mechanism is still being debated intensely in the scientific community. The general consensus among them is that the decomposed carbon diffuses and precipitates from metal nanoparticles. Subsequent carbon atoms which are added will grow into tubular structure which then stops when the carbon supply is discontinued. Nanosized particles are important as the growth seeds for MWCNT growth [1] .
There are significant challenges in growing MWCNT on Si substrate. A direct coating of catalyst on Si substrate is thought to be detrimental for MWCNT growth. At elevated temperature, undesirable catalyst-substrate interaction will lead to the formation of silicide that can poison the catalyst [12] . Buffer layers such as thermally grown SiO 2 , Al 2 O 3 , and TiO 2 were introduced to overcome this problem [13, 14] . These buffer layers increase the growth efficiency of nanotubes and modify the catalyst-substrate interaction. The thickness of catalyst layer also plays an important role in the alignment of MWCNT together with the buffer layer. Presence of oxygen in the catalyst is believed to promote the MWCNT growth since it can prevent the agglomeration of particles into larger particles [15] . Smaller particles can maintain the catalytic activity for a prolonged period of time.
This paper reported the growth of vertically aligned MWCNT array using thermal CVD technique by employing ferrocene vaporization as the method to deposit iron. Iron catalyst deposition using electron beam evaporation was also investigated in order to compare the quality of MWCNT produced. The two catalyst deposition techniques are compared in order to optimize the thickness of iron catalyst required for the growth of aligned MWCNT array. Alumina was introduced as the buffer layer and the chemical interactions between catalyst and substrate are discussed for better understanding of the growth of aligned MWCNT. Aligned MWCNT which are highly directional with uniform length and diameter are crucial for the development of the nanotubes-based devices.
Materials and Methods
Substrates of size 10 mm × 10 mm were cut from the pdoped Si (100) wafer with resistivity of 0.001-0.005 Ω cm. The samples were cleaned by using Radio Corporation of America (RCA) method and oxidized in oxygen for 4 hours at 1100 ∘ C for the growth of SiO 2 layer. The samples were then deposited with thin aluminum film using electron beam evaporation operated at vacuum pressure of 2 × 10 −3 Torr. Alumina layer was formed by oxidizing the aluminum coated samples in oxygen for one hour at 600 ∘ C. This was followed by the deposition of iron catalyst by using two different techniques, electron beam evaporation in the evaporator and ferrocene vaporization in quartz chamber at 850 ∘ C for 10 minutes. The annealing of samples was carried out in oxygen for one hour at 400 ∘ C and the etching process was performed using ammonia gas as the etchant for 10 minutes with a flow rate of 10 sccm at 850 ∘ C. The growth of MWCNT was performed using thermal CVD system for 20 minutes with ethylene as the carbon source and diluted in hydrogen environment with a steady flow rate of 700 sccm at 700 ∘ C. Prior to the synthesis of MWCNT, the samples were treated in H 2 environment for 4 minutes. At the end of growth process, the CVD system was cooled to room temperature in Ar ambient.
All samples were analyzed using field emission scanning electron microscope (FESEM), Zeiss Supra55 VP to determine the length, diameter and the surface morphology of MWCNT, and the structure of metal particles with energy dispersive X-ray (EDX) analysis for chemical composition. High resolution transmission electron microscopy (HRTEM), Zeiss Libra 200 was conducted for internal structure analysis and Raman spectroscopy, and Horiba Jobin Yvon HR800 for the determination of the crystallinity of MWCNT with 514.53 nm wavelength from Ar laser light source. X-ray Photoelectron Spectroscopy (XPS) Thermo Scientific K-was used to study the chemical interactions and transformations between substrate and catalyst during each process for a better understanding of MWCNT growth.
Results and Discussion
FESEM images of thermally grown SiO 2 film and the deposited iron by electron beam evaporation and ferrocene vaporization are shown in Figure 1 . The thickness of SiO 2 film recorded from the image is about 560 nm (Figure 1(a) ). After the heating process on the aluminum coated substrate, islandlike formation of alumina (30 nm) was observed as shown in Figure 1 (b). This thin layer of alumina will act as the buffer layer for the growth of MWCNT by preventing silicidation of metal catalysts with Si surface during the growth process [16, 17] . Without the buffer layer, the formation of Fe-Si can poison the catalyst and render it inactive for nanotubes formation. Iron was chosen as the metal catalyst for MWCNT growth since it has much higher crystallinity compared to nickel and cobalt [18] . Close inspection of the FESEM image in Figure 1 (c) reveals a very thin layer of iron film after the deposition using electron beam evaporation. The EDX analysis as shown in the inset of Figure 1 (c) also indicates a much weaker peak for iron deposited using electron beam evaporation as compared to ferrocene vaporization. The presence of hundreds of nanometer sparsely spread islands is believed to be the peeling of the film as a result of the cutting for cross-section sample preparation. Figure 1(d) clearly describes a much thicker continuous film deposited using ferrocene vaporization (supported by EDX analysis) with typical minimal thickness of about 55 nm and average thickness of 85 ± 23 nm. As seen in Figure 2 (d), the particle size is also much bigger and rougher compared to the one deposited by electron beam evaporation.
FESEM images in Figure 2 show the difference between the surface morphology of the iron film after the deposition using electron beam evaporation and ferrocene vaporization and subsequent surface treatment of annealing and etching. For both samples, particles agglomerated during the annealing process, forming larger particles as evident in Figures 2(b) and 2(e), but the size of particles for the film deposited by ferrocene vaporization is much larger: typically 900 nm. Cracks can be seen (black arrows) in Figure 2 (d) and become more pronounced in Figure 2 (e). This is attributed to the fragmentation of a thick layer of iron as a result of surface stress. Annealing is usually performed to provide a strong bonding between catalyst and substrate.
During the growth, iron catalyst is partially oxidized as a result of the reaction with oxygen from alumina. The oxide can then prevent the formation of silicide that will deactivate the catalyst and promote nucleation of particles that acts as the growth seed [19, 20] . gas. Ammonia etching as argued by Choi et al. [21] and Teo et al. [22] and is crucial in forming nanoislands from continuous film of catalyst to promote aligned array of MWCNT. FESEM image reveals the formation of nanoislands after etching for both samples but with sample deposited by ferrocene vaporization (Figure 2 (f)); micrometer size cavities are observed. There are also traces of nanoparticles inside the cavities. This is due to much thicker layer of iron (∼55 nm) deposited and, after etching, cavities are formed instead of nanoislands on the surface of the film.
The pretreated samples, ones that were subjected to annealing and etching, were then used for MWCNT growth. Grown MWCNT for treated and nontreated samples are compared by observing the FESEM images shown in Figure 3 For a very thin layer of catalyst, nanotubes can still grow but the low density of catalyst will lead to sparse growth of nanotubes with insufficient van der Waals forces between them such that they collapsed. Subsequently, the decomposed carbon will deposit as amorphous carbon or graphite. Study shows [23] that MWCNT self-organized due to the crowding effect at the start of the growth to form aligned MWCNT array when the catalyst density is high. The Al 2 O 3 -Fe combination achieved good growth of MWCNT with minimal amorphous carbon and other by products on top of MWCNT array. During the ramping of temperature to 700 ∘ C in Ar ambient, the catalyst will be in molten form and interacts with the alumina and transforms into Fe 2 O 3 particles. The thick film of catalyst with partial oxidation of iron promotes a good growth of vertically aligned MWCNT array since catalyst in oxide form has positive influence on MWCNT growth. As reported by Sato et al. [15] the heating of iron catalyst in air can produce iron oxide that can prevent silicidation which in turn can deactivate the catalyst. During the growth of MWCNT, the partially oxidized catalyst is reduced to metallic iron [24] which does not agglomerate thus maintaining the catalytic activity during the synthesis. The H 2 treatment for 4 minutes will reduce and crack the catalyst film into fine particles since iron is active in metallic state. The above findings clearly show that the thickness of catalyst film can influence the alignment of MWCNT.
For comparison and to understand better the role of annealing, etching, and buffer layer, Al-Fe and Al 2 O 3 -Fe films were deposited followed by MWCNT growth. FESEM images of graphite covered with nanotubes obtained are shown in Figures 3(b) and 3(c) . de los Arcos et al. [25] reported no growth of nanotubes using pure Al as the buffer layer, contradicting earlier work by Delzeit et al. [26] where they reported growth of single-wall carbon nanotubes (SWCNT). The growth of nanotubes in Delzeit's work can be explained by the oxidation of iron film from oxygen in air during the transfer of the samples. In Teresa's work, the in situ observation was performed where iron was depleted due to the formation of Al-Si alloy.
This work reported a well-aligned MWCNT array using only Al as the buffer layer and iron catalyst deposited by ferrocene vaporization. This is a new finding since AlFe combination will poison and deactivate the catalyst, resulting in no growth of MWCNT. It is suspected that the Al buffer layer had oxidized in air during the transfer. In this case, the production of vertically well-aligned MWCNT observed in Figure 3 (e) can be attributed to the crowding effect of the dense nanotubes grown from very thick layer of iron and the rough surface of catalyst (Figure 2(d) ) that promotes the growth. The thickness of MWCNT array is also observed to be twice the height obtained for pretreated sample (Figure 3(d) ) for the same synthesis reaction time.
Alumina buffer layer proved to be most suitable to avoid undesirable metal silicide formation at high temperature [27] . It is believed that, without the oxide, iron silicide will form, depleting iron catalyst for the formation of nanotubes. The absence of dense nanotubes for aluminum coated electron beam iron deposited sample can be observed clearly in Figure 3(b) where the very thin layer of iron has been depleted from the surface due to the formation of Al-Si alloy at the interface of the two elements. However, some nanotubes can still be observed, shown in the inset of Figure 3 (b) due to the presence of oxide (oxidation during transfer in air) and silicide which have been found to also promote the growth of MWCNT [28] . In contrast, dense Journal of Nanomaterials vertically aligned MWCNT (Figure 3(e) ) can still be obtained for sample with iron deposited by ferrocene vaporization even without the oxide layer. It is suspected that even though poisoning of iron occurred at the interface of elements (Al-Si alloy with Fe), the thick catalyst layer can provide sufficient active sites for the growth of vertically aligned nanotubes. The partial oxidation of the prepared substrates during the transfer in air also influences the growth of aligned MWCNT.
The adhesion between MWCNT film and the substrate was found to be weak such that the film peeled off easily as shown in Figure 4 for samples coated with iron by electron beam deposition and not treated with annealing. The peeling of MWCNT film was not observed for samples with iron deposited by ferrocene vaporization and not treated with annealing. It is believed that this is due to the thick layer of iron catalyst binding nanotubes to the substrate with the base growth mechanism. Journal of Nanomaterials The growth of random MWCNT observed for sample with iron deposited using electron beam evaporation is contradicting our previous work [14] , where vertically aligned MWCNT array with thickness of 28 m was grown. It is understood that, for alignment of nanotubes, it needs high density of catalyst. As shown in Figures 1(c) and 2(a) , the density of deposited iron using electron beam evaporation is low. This is believed to be due to the low pressure achieved in electron beam chamber (2 × 10 −3 Torr) during iron deposition. The pressure should be at least 10 −5 Torr to allow the passage of electrons from electron gun to the source to be evaporated [29] . The high vacuum also allows the ejected atoms from the source material to travel in a straight line to the substrate surface thus achieving a much thicker deposition. These processes however will not happen if the pressure is not low enough. As for the ferrocene vaporization, the vaporized iron is in gaseous form and it has an advantage of multidirectional deposition. This creates thicker and uniform iron distribution on the substrate surface as shown in Figure 1(d) .
Raman spectrum shown in Figure 5 indicated the presence of MWCNT for all samples with the D-band occurring at 1371 cm −1 and G-band at 1607 cm −1 and no peak of radial breathing mode (RBM) for the presence of SWCNT. The Gband indicates the graphitic features of MWCNT and the Dband explains the disordered features mainly the disordered walls or graphite on the outer walls of nanotubes [30, 31] .
The deposited metallic Al shows peaks at 72.98 and at 75.2 eV in the XPS analysis in Figure 6 (a), indicating the sample being partially oxidized when exposed to air during the transfer of sample for ex situ examination. After the oxidation process to form alumina, prominent peak occurs at 75.7 eV (Al 2p), showing a fully oxidized state. There are no traces of Al after iron deposition and annealing, an indication that there is no interaction between Al and Fe. After etching, a small Al 2p peak is observed at 75 eV showing the distribution of iron into nanoisland particles as observed in Figure 2(c) . The same Al transformation is observed for sample with iron deposited by ferrocene evaporation (Figure 6(b) ) with only a slight difference for Al peak after etching of which the peak is on upper binding energy compared to Al peak for electron beam evaporation on lower binding energy. This 1.3 eV shift may be an indication that iron is not fully depleted but, for sample with iron deposited by electron beam evaporation, the iron thickness becomes much thinner and sparse leading to random growth of MWCNT instead of aligned MWCNT array.
In Figure 7 , iron shows partially oxidized peak at 710.88 eV for electron beam evaporation technique and 711.78 eV with slight variation after annealing (711.38 eV) and etching (710.68 eV) for ferrocene vaporization in which the oxidation occurs during the exposure to air. These peaks are characteristic of magnetite, indicating coexistence of FeO and Fe 2 O 3 . The ferrocene will decompose into metal iron, hydrogen, and hydrocarbons during vaporization according to the reaction shown in the following [32] : The iron catalyst will be oxidized during this process after its release from ferrocene. Then the peak intensity reduced about 24%, attributed to the distribution of iron and some loss by diffusion. The peak intensity further reduced by 33% for electron beam evaporation method indicating island-like formation after etching as observed in Figure 2 (c). There are no traces of Si 2p (not shown here) after every process (iron deposition, annealing, and etching), indicating that AlSi interdiffusion does not occur due to the presence of oxide layer. As for the iron deposited using ferrocene vaporization (Figure 7(b) ), the intensity and the peak are the same, a further proof that thick layer of iron does not contribute to the dispersion of iron. However, after etching, the intensity of the peak reduced due to the etching of iron from the surface to form cavities as shown in Figure 2 (f). We concluded that the thickness of iron catalyst is important in achieving well-aligned MWCNT growth. We have reported elsewhere [33] the growth of MWCNT using floating catalyst CVD technique but the growth rate was found to be difficult to control. Based on the SEM, Raman, and XPS analysis, thermal CVD technique with iron deposited by ferrocene vaporization will be chosen since a thick layer of catalyst (>55 nm) can be achieved producing dense, vertically aligned MWCNT. With this method, good growth rate can be achieved initially but after a prolonged period of time the growth rate dropped slightly. Figure 8 shows the SEM images of MWCNT array grown for 9, 10, 11, and 12 minutes where the growth rate remained steady. As shown in Figure 9 , a steady growth rate of 3.6 m/min was recorded for the first 12 minutes but beyond that dropped to 3.1 m/min and further reduced to nearly half of the initial growth rate. The drop in the growth rate is illustrated by the thickness of MWCNT array obtained for the durations of 20, 40, and 60 minutes in Figure 10 . The thickness of MWCNT array should be higher if the growth rate remained steady for these periods. Reduced growth rate with the duration of the synthesis is believed to be due to the coating of amorphous carbon or graphite on top of the MWCNT mat. Hydrogen is included during the synthesis since it can etch away amorphous carbon deposit on the catalyst and block the nanotubes growth [34] . But its function is significantly reduced once the MWCNT array has formed. The decomposed carbon cannot reach the catalyst due to dense and crowded nanotubes mat and these carbons will be deposited on the top of the MWCNT surface as shown clearly in Figure 10 . When the synthesis of MWCNT had stopped, the residue of the remaining decomposed carbon will deposit on top of the surface, acting as a passivation layer that hinders the growth of nanotubes. This explains the trend of the growth rate which is uniform in the beginning and reduces linearly over a period of time.
The growth rate or the corresponding MWCNT thickness matches well the thickness reported by Bronikowski [35] for the early stage growth. It also shows an exponential decay as the duration of synthesis is prolonged due to reduced activity of catalyst from the coating of amorphous carbon. The experimental data was fitted with mathematical model developed by Naha and Puri [36] and, as observed in Figure 9 , it has marked deviation although it fitted well in its initial stage (<15 min). The difference is mainly due to the constants calculated for adsorption and desorption of the carbon atoms at the surface of catalyst, nucleation, and separation of solid undissolved carbon by them. Both calculated and experimental data agreed that the growth rate of nanotubes reduced exponentially as the synthesis time is prolonged. Einarsson et al. [37] also shows an optimum growth time of 15 min and exponential decay after the initial maximum growth rate.
Various mathematical models [36] [37] [38] [39] and simulations [40] [41] [42] were developed in attempt to understand the nature of nanotubes growth rate. The growth rate of nanotubes depends on growth kinetics, activation energy, and transport resistances. Latorre et al. [39] developed a phenomenological kinetic model that includes the relevant parameters such as carbon source decomposition, nanoparticles surface carburization, carbon diffusion, nucleation, nanotubes growth, and growth termination which usually occur due to catalyst deactivation and steric hindrance. Gas concentration, pressure, temperature, and flow rate of carbon source also can affect the growth rate of MWCNT. Water vapor had been introduced [42] to overcome this problem since it acts as weak oxidizer to etch the deposited amorphous carbon and maintain the growth rate. The properties of the grown nanotubes such as type, resistivity, and electron mobility were obtained using Ecopia Hall Effect measurement. The grown MWCNT shown in Figure 8 are of p-type with resistivity ranging from 1.54 to 2.17 × 10 −7 Ω m and electron mobility of 3.16-6.72 m 2 /Vs. High aspect ratio MWCNT in the range of 2400-7800 reported here is suitable for applications such as field emission display, pressure, and gas sensors. The control of growth rate will be critical if specific thickness of MWCNT array is required for certain application such as ionization-based gas sensor using nanotubes array as the sensing element. Figure 11 shows a typical TEM image of thinner nanotubes obtained using alumina as the buffer layer. This particular observation agrees well with de los Arcos et al. [20] , implying that alumina promotes the growth of thinner nanotubes compared to other buffer layers such TiN and TiO 2 . The nanotube has a diameter of 27.5 nm with more than 16 walls. Discontinuity and graphitic coating on the outer wall of nanotubes can also be observed. These are the main reason why MWCNT has lower crystallinity or are more defective than SWCNT.
Conclusion
The thickness of catalyst layer, presence of oxide, and type of buffer layer are all equally important for the growth and alignment of MWCNT. The presence of oxide avoids the agglomeration of Fe catalyst thus promoting the formation of MWCNT. The introduction of buffer layer avoids silicidation and provides support for the growth of MWCNT. The buffer layer especially Al 2 O 3 is also known to increase the growth Journal of Nanomaterials rate of MWCNT. The Al 2 O 3 and Fe film has proven to be the best combination since, at 700 ∘ C in argon ambient, iron partially oxidized due to diffusion with Al 2 O 3 and remained on the surface for an efficient growth of MWCNT.
Vertically aligned MWCNT array has been successfully grown with Al 2 O 3 as the buffer layer using the deposition of iron catalyst by ferrocene vaporization. In this method, the growth rate of MWCNT array remained steady at 3.6 m/min in the first 12 minutes but dropped by half for the longer period. For electron beam deposited iron catalyst, high vacuum preferably 10 −5 Torr is required for optimum catalyst density to grow aligned MWCNT as demonstrated in the previous work. On the other hand, pressure does not play any role in the ferrocene vaporization. The gaseous form and multidirectional deposition of ferrocene vaporization gives a uniform and high density catalyst layer required for the growth of aligned MWCNT.
Understanding the effect of the metal catalyst deposition method on the density, thickness and alignment of the nanotubes array grown would allow for the optimization of the process in order to produce good quality, vertically aligned nanotubes that can exhibit enhanced functionality for the development of high performing nanotubes-based devices.
